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Stability of Chromium (111) Sulfate in
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T h e s t a b i l i t y of c h r o m i u m (III) s u l f a t e in the t e m p e r a t u r e r a n g e f r o m 880 to 1040 K w a s
d e t e r m i n e d b y e m p l o y i n g a d y n a m i c g a s - s o l i d e q u i l i b r a t i o n t e c h n i q u e . T h e s o l i d c h r o m i u m
s u l f a t e w a s e q u i l i b r a t e d in a gas s t r e a m of c o n t r o l l e d SOs p o t e n t i a l . T h e r m o g r a v i m e t r i c
a n d d i f f e r e n t i a l t h e r m a l a n a l y s e s w e r e u s e d to f o l l o w the d e c o m p o s i t i o n of c h r o m i u m s u l -
f a t e . O v e r the t e m p e r a t u r e r a n g e s t u d i e d , the c h a n g e in the G i b b s ' f r e e e n e r g y of f o r m a -
t ion of c h r o m i u m s u l f a t e
Cr2Os(s) + 3SOs(g) --* Cr2(SO4)~(s)
can b e e x p r e s s e d a s
AG O = - 1 4 3 , 0 7 8 + 1 2 9 . 6 T (+300) c a l m o l e - '
a G O = - 5 9 8 , 3 5 0 + 542 T (+1250) J m o l e -~,
X - r a y d i f f r a c t i o n a n a l y s i s i n d i c a t e d that the d e c o m p o s i t i o n p r o d u c t w a s c r y s t a l l i n e C r 2 0 3
and that the m u t u a l s o l u b i l i t y b e t w e e n Cr2(SO4)3 a n d C r 2 O s w a s n e g l i g i b l e . O v e r the t e m -
p e r a t u r e r a n g e i n v e s t i g a t e d , the d e c o m p o s i t i o n p r e s s u r e s w e r e signif icant ly high so that
c h r o m i u m s u l f a t e i s not e x p e c t e d to f o r m on c o m m e r c i a l a l l o y s c o n t a i n i n g c h r o m i u m when
e x p o s e d to g a s e o u s e n v i r o n m e n t s c o n t a i n i n g o x y g e n a n d s u l f u r ( s u c h a s t h o s e e n c o u n t e r e d
in coal g a s i f i c a t i o n ) .
T H E c o r r o s i o n of a l l o y s e x p o s e d to e n v i r o n m e n t s
c o n t a i n i n g o x y g e n a n d s u l f u r can b e a n a l y z e d with the
aid of c h e m i c a l p o t e n t i a l d i a g r a m s . Such d i a g r a m s
a r e e i t h e r p l o t s of 1) the l o g a r i t h m of the p a r t i a l
p r e s s u r e of s u l f u r a s a f u n c t i o n of nA//(nA + riB), the
m o l e f r a c t i o n of the m e t a l l i c c o m p o n e n t A , f o r a
q u a r t e r n a r y s y s t e m A-B-S-O a t a c o n s t a n t t e m p e r a -
t u r e and o x y g e n p o t e n t i a l , o r 2) the l o g a r i t h m of the
p a r t i a l p r e s s u r e of o x y g e n a s a f u n c t i o n of hA~
(nA + nB) a t a c o n s t a n t t e m p e r a t u r e and s u l f u r p o t e n -
t i a l . In the c a s e of the f i v e - c o m p o n e n t s y s t e m , A-B-
C-S-O, the c o m p o s i t i o n of m e t a l l i c c o m p o n e n t s A ,
B , and C c a n be r e p r e s e n t e d on a G i b b s ' t r i a n g l e wi th
the p a r t i a l p r e s s u r e of o x y g e n p l o t t e d p e r p e n d i c u l a r
to the p l a n e of the t r i a n g l e .
T o c o n s t r u c t s u c h c h e m i c a l p o t e n t i a l p l o t s , r e l i a b l e
t h e r m o d y n a m i c d a t a a r e n e e d e d for al l the p h a s e s in-
v o l v e d . U n f o r t u n a t e l y , t h e r m o d y n a m i c d a t a f o r s o m e
of the b i n a r y and t e r n a r y o x i d e and s u l f i d e p h a s e s
a r e not a v a i l a b l e in the l i t e r a t u r e . S o m e of the m i s s -
Lug d a t a can b e e s t i m a t e d with a c c e p t a b l e a c c u r a c y u s -
ing c u r r e n t m o d e l s and r e c e n t l y e s t a b l i s h e d c o r r e l a -
t i o n s . U s i n g s u c h t e c h n i q u e s , s u l f u r p o t e n t i a l p l o t s
w e r e d e v e l o p e d to e x p l a i n the s u l f i d a t i o n b e h a v i o r of
SAE 310 s t a i n l e s s s t e e l .1 H o w e v e r , t h e s e c o r r e l a t i o n s
a r e not well e s t a b l i s h e d f o r c o m p o u n d s c o n t a i n i n g
both o x y g e n and s u l f u r ( s u c h a s o x y s u l f i d e s a n d s u l -
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METALLURGICAL TRANSACTIONS A
f a t e s ) . C o n s e q u e n t l y , the only w a y of o b t a i n i n g the in-
f o r m a t i o n f o r o x y s u l f i d e s and s u l f a t e s i s by c o n d u c t i n g
p r o p e r e x p e r i m e n t s .
A s a p a r t of a p r o g r a m on the c o r r o s i o n of the in-
t e r n a l c o m p o n e n t s of g a s i f i e r s i t b e c a m e n e c e s s a r y to
d e v e l o p the c h e m i c a l p o t e n t i a l d i a g r a m s f o r i n d u s t r i a l
a l l o y s in m u l t i c o m p o n e n t g a s e o u s e n v i r o n m e n t s . It
w a s f o u n d that no t h e r m o d y n a m i c d a t a f o r c h r o m i u m
(IH) s u l f a t e w e r e r e p o r t e d in the l i t e r a t u r e and h e n c e
t h e s e e x p e r i m e n t a l s t u d i e s w e r e u n d e r t a k e n . T h i s
c o m m u n i c a t i o n r e p o r t s the m e a s u r e d f r e e e n e r g i e s of
f o r m a t i o n of c h r o m i u m (IH) s u l f a t e .
E X P E R I M E N T A L M A T E R I A L S
A n h y d r o u s c h r o m i u m s u l f a t e , Cr2(SO4)3, w a s p r e -
p a r e d by t h r e e d i f f e r e n t m e t h o d s . 1) C o m m e r c i a l l y
a v a i l a b l e , w a t e r - s o l u b l e v i o l e t c h r o m i u m s u l f a t e ,
(Cr2(SO4)s • 18 H 2 0 ) , wi th 99.9 pct p u r i t y w a s p r o c u r e d
f r o m J . T . B a k e r C h e m i c a l C o m p a n y . T h e w a t e r
m o l e c u l e s w e r e r e m o v e d by slow h e a t i n g u n d e r a r e -
d u c e d p r e s s u r e of 10 N m -2. T h e w e i g h t loss of the
s a m p l e i n d i c a t e d that d e h y d r a t i o n t a k e s p l a c e in t h r e e
s t a g e s . T h e v i o l e t 18 h y d r a t e f i r s t c h a n g e d to the 9
h y d r a t e wi th no c o l o r c h a n g e . F u r t h e r d e h y d r a t i o n
y i e l d e d a g r e e n 3 h y d r a t e and f i n a l l y a p e a c h - b l o s s o m -
c o l o r e d a n h y d r o u s c h r o m i u m (III) s u l f a t e . T h e las t
t h r e e m o l e c u l e s of w a t e r w e r e e v o l v e d cont inuously
o v e r a t e m p e r a t u r e r a n g e f r o m 375 to 500 K . T h e r e -
s u l t i n g c h r o m i u m (III) s u l f a t e w a s i n s o l u b l e in w a t e r .
2) T h e v i o l e t - h y d r a t e d s u l f a t e w a s s y n t h e s i z e d in the
l a b o r a t o r y b y d i s s o l v i n g c h r o m i u m h y d r o x i d e in a c a l -
c u l a t e d q u a n t i t y of w a r m s u l f u r i c a c i d and a l l o w i n g
the r e s u l t i n g g r e e n s o l u t i o n to s t a n d f o r one w e e k .
W h e n the v i o l e t c r y s t a l s of c h r o m i u m s u l f a t e s t a r t e d
to s e t t l e , t h e s e c r y s t a l s w e r e d e h y d r a t e d a s d e s c r i b e d
a b o v e . 3) T h e a n h y d r o u s c h r o m i u m ( I I I ) s u l f a t e w a s
p r e p a r e d by h e a t i n g a m m o n i u m c h r o m i u m s u l f a t e wi th
b o i l i n g c o n c e n t r a t e d s u l f u r i c a c i d .
u .s . Government work not
protected by U.S. copyright VO LUME 10A, MARC H 1 9 7 9 -327
APPARATUSAND PROCEDURE
A) Thermogravimetry
A schematic d iagram of the thermogravimetric ap-
paratus employed in this study is shown in Fig. 1. The
reaction tube and the crucible containing anhydrous
Cr2(SO4)3 were made of s i l i c a . A platinum basket con-
taining the s i l i c a crucible was suspended on a s i l i c a
rod and attached t o one a r m of a Cahn thermobalance
through a platinum w i r e . A reaction mixture contain-
ing Ar + SO2 + O2 was admitted into the reaction tube
from the lower end. This gas swept past the radiation
baffles supported on a thermocouple sheath and blocks
of platinum-on-asbestos, which s e r v e d as a catalyst.
The catalyst helped to achieve the equilibrium between
SO3, SOs, and O2 rapidly. The equilibrium composition
of SO3 is dependent on the inlet gas composition and
reaction temperature. T o avoid any reaction with the
balance parts, the balance was always flushed with ar-
gon gas. The reaction tube was surrounded by a fur-
nace with globar heating elements. The furnace gave
a constant temperature zone (+2 K) of 4.5 cm. The
temperature of the furnace was controlled within 2 K
by a stepless current proportionating controller. The
crucible containing Cr2(SO4)3 and the tip of the thermo-
couple were placed in a constant temperature zone. The
actual temperature of the crucible was r e c o r d e d during
the run by placing a P t - P t 13 pct Rh thermocouple im-
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Fig. 1--Schematic diagram of the thermogravimetrie appara-
tus.
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mediately below the crucible. Separate experiments
were conducted by placing a thermocouple inside the
crucible; a good agreement between the actual tem-
perature of the crucible and the sensing thermocouple
was observed. In all experiments, the temperature
immediately below the sample remained constant
within the uncertainties specified above. The output
from the thermobalance and the thermocouple were
fed to a two-channel potentiometric r e c o r d e r so that
the temperature corresponding to the onset of decom-
position could be easily identified.
Gases with 99.9 pct puri ty were used in this study.
The gases were further d r i e d by passing through
purification trains. The reactive gas mixtures con-
taining Ar + SO2 + O2 were prepared by mix ing the
purified individual g a s e s . The flow rate of each gas
was monitored by calibrated rotometers. Gases were
mixed in a tower packed with g l a s s beads.
The furnace was rapidly heated to 650 K a f t e r flush-
ing the reaction tube with the selected gas mixture at
a flow rate of 250 ml min-1 (STP) for 3 h. The tem-
perature was then increased at a rate of approxi-
mately 2 K min-I in the initial experiments. The ap-
proximate decomposition temperature was noted when
a significant weight change was detected. In subse-
quent experiments, u s i n g the same gas mixture, the
furnace was rapidly heated to a temperature 30 K be-
low the approximate decomposition temperature ob-
tained in the preliminary experiments; the furnace
temperature was then increased at a rate of 0.2 K
min-~ until the decomposition of the sulfate was de-
tected. The decomposition temperature was then de-
termined as a function of the inlet gas composition.
The decomposition temperature was discovered to be
independent of the method of preparation of the sul-
f a t e . After complete decomposition of the sulfate, the
temperature was lowered at a controlled rate of 0.2 K
min-1. The reformation of Cr2(SO4)3 on slow cooling
was so sluggish that the temperature corresponding to
the reformation cannot be accurately determined by
this technique. This finding is useful in designing
sulfation-resistant alloys containing chromium. The
product of decomposition was quenched to room tem-
perature and was identified as Cr203 by X - r a y analy-
sis.
B) Differential T h e r m a l Analysis
The apparatus used for differential t h e r m a l analysis
was s i m i l a r to that used by Dewing and Richardson. 2
The anhydrous chromium sulfate was contained in a
thin-walled s i l i c a boat placed in a horizontal furnace
under a s t r e a m of gas of controlled composition flow-
ing at the rate of 100 t o 250 ml min-1. The gas mix-
t u r e s were prepared as described e a r l i e r . One leg of
the differential thermocouple was i m m e r s e d in the
sulfate (filled to a depth of 2 to 3 mm in the s i l i c a
boat) and the other leg was placed above the boat to
m e a s u r e the furnace temperature. A separate thermo-
couple i m m e r s e d in the sulfate was used to r e c o r d the
temperature of the sample. The output of the differ-
ential thermocouple was fed through a dc amplifier t o
a potentiometric r e c o r d e r . The furnace was rapidly
heated t o a temperature 25 K below the decomposition
temperature obtained from thermogravimetric studies.
Thereafter, the temperature was increased at 0.2 K
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m i n -1 a n d t h e v a r i a t i o n of the s a m p l e t e m p e r a t u r e w a s
c o n t i n u o u s l y r e c o r d e d . T h e d e c o m p o s i t i o n t e m p e r a -
t u r e c o r r e s p o n d i n g t o e a c h gas c o m p o s i t i o n was i n -
d i c a t e d by a n o n z e r o v a l u e f r o m t h e d i f f e r e n t i a l t h e r -
m o c o u p l e . S i n c e t h e d e c o m p o s i t i o n r e a c t i o n i s e n d o -
t h e r m i c , t h e t e m p e r a t u r e of the s a m p l e l a g g e d b e -
h i n d t h e i n c r e a s i n g f u r n a c e t e m p e r a t u r e . T h e d e c o m -
p o s i t i o n t e m p e r a t u r e was i n d e p e n d e n t of t h e t o t a l f l o w
r a t e of t h e g a s e s in t h e r a n g e 100 to 250 m l m i n -~.
H e a t i n g t h e s a m p l e f u r t h e r p r o d u c e d n o e v i d e n c e o f
a d d i t i o n a l r e a c t i o n s w i t h s i g n i f i c a n t h e a t e f f e c t s . It
c o u l d , t h e r e f o r e , be c o n c l u d e d t h a t t h e d e c o m p o s i t i o n
p r o c e e d e d d i r e c t l y t o the o x i d e w i t h o u t a n y i n t e r -
m e d i a t e p h a s e .
R E S U L T S AND D I S C U S S I O N
T h e c o n d e n s e d p h a s e s r e m a i n i n g in t h e c r u c i b l e
a f t e r t h e e x p e r i m e n t w e r e a n a l y z e d by t a k i n g X - r a y
d i f f r a c t i o n p a t t e r n s . T h e e x p e r i m e n t a l d v a l u e s w e r e
i d e n t i c a l to t h o s e g i v e n in the A S T M i n d e x f o r C r s O s
a n d Crs(SO4)3. T h i s i n d i c a t e s t h a t t h e r e was n o s i g n i f i -
cant s o l i d s o l u b i l i t y b e t w e e n C r s O z a n d Crs(SO4)z;
h e n c e , t h e a c t i v i t i e s o f the c o n d e n s e d p h a s e s c a n be
t a k e n a s u n i t y . T h e gas p h a s e c o n s i s t s o f a m i x t u r e
of SOs , SOs , a n d O s . T h e C o m p o s i t i o n o f the gas a t t h e
d e c o m p o s i t i o n t e m p e r a t u r e i s d i f f e r e n t f r o m t h a t o f
t h e i n l e t ga s c o m p o s i t i o n b e c a u s e o f t h e r e a c t i o n b e -
t w e e n S O s a n d 02 to f o r m S O , . T h e p a r t i a l p r e s s u r e of
S O s c a n be c a l c u l a t e d a c c o r d i n g to t h e e q u a t i o n
S O s ( g ) - SOs(g) + 1 / 2 0 s ( g ) . [1]
A s i g n i f i c a n t c h a n g e h a s r e c e n t l y b e e n i n t r o d u c e d in
t h e v a l u e f o r t h e h e a t o f f o r m a t i o n o f g a s e o u s S O s a t
298 K . s T h i s n e w v a l u e f o r t h e h e a t o f f o r m a t i o n o f
S O s w h e n u s e d in c o n j u n c t i o n w i t h t h e h e a t c a p a c i t y
a n d e n t r o p y d a t a g i v e n in J A N A F T h e r m o c h e m i c a l
T a b l e s4 g i v e s t h e f r e e e n e r g y c h a n g e f o r r e a c t i o n [1]
a s
&G° = 9 7 , 7 8 0 - 9 2 . 7 8 T (~:300) J m o l e -x . [2]
T h e p a r t i a l p r e s s u r e s of SO3, SOs , a n d O2, c a l c u l a t e d
a t t h e d e c o m p o s i t i o n t e m p e r a t u r e s f r o m t h e f r e e e n e r g y
v a l u e s a n d the c o m p o s i t i o n of t h e i n l e t g a s e s ( u s i n g a
d i g i t a l c o m p u t e r a n d a n i t e r a t i v e p r o c e d u r e g i v e n in
t h e A p p e n d i x ) , a r e s h o w n in T a b l e I . F r o m t h e s e d a t a
t h e s t a n d a r d f r e e e n e r g y c h a n g e s f o r t h e f o l l o w i n g r e -
a c t i o n s w e r e c a l c u l a t e d :
C r 2 O s ( s ) + 3SO2(g) + 3 / 2 O 2 ( g ) - C r 2 ( S O , ) , [3]
AG o = - R T In K = R T I n ( P ; o 2 • p3/202,
A GO = - 8 9 1 , 6 9 0 + 820 T (+1250) J m o l e -1 [4]
C r 2 0 3 ( s ) + 3 SOs(g) - - C r s ( S O 4 ) s ( s ) [5]
3
AG ° = - R T I n K = R T l n P s o3
A Go = - 5 9 8 , 3 5 0 + 542 T (+1250) J m o l e -1 . [6]
T h e e x p e r i m e n t a l l y o b t a i n e d f r e e e n e r g i e s of f o r m a -
t i o n of Cr2(SO4)a a c c o r d i n g t o r e a c t i o n [5] ( u s i n g b o t h
t h e r m o g r a v i m e t r i c a n d d i f f e r e n t i a l t h e r m a l a n a l y s i s
(DTA)) a r e g i v e n in T a b l e I a n d a r e a l so p l o t t e d a s a
f u n c t i o n of t e m p e r a t u r e in F i g . 2 . T h e r e s u l t s ob -
t a i n e d by b o t h t e c h n i q u e s a r e in m u t u a l a g r e e m e n t .
A t t h e l o w e r t e m p e r a t u r e s t h e f r e e e n e r g i e s c a l c u -
l a t e d f r o m D T A m e a s u r e m e n t s a r e a b o u t 300 J h i g h e r
than t h o s e o b t a i n e d by t h e r m o g r a v i m e t r y . I n D T A e x -
p e r i m e n t s t h e t e m p e r a t u r e s w e r e m e a s u r e d by a
t h e r m o c o u p l e e m b e d d e d in t h e s a m p l e , w h i l e in t h e
t h e r m o g r a v i m e t r i c s t u d i e s t h e t h e r m o c o u p l e was
p l a c e d i m m e d i a t e l y b e l o w t h e s a m p l e . S i n c e t h e d e -
c o m p o s i t i o n was e n d o t h e r m i c , the s a m p l e was p r o b a b l y
a t a s l i g h t l y l o w e r t e m p e r a t u r e ( ~ 3 K) t h a n the f u r n a c e
a t m o s p h e r e . T h e d e c o m p o s i t i o n t e m p e r a t u r e a n d the
s t a b i l i t y of t h e s u l f a t e m e a s u r e d by D T A w o u l d t h e n
be l o w e r t h a n that o b t a i n e d by t h e r m o g r a v i m e t r y a t
l o w e r t e m p e r a t u r e s w h e r e r a d i a t i v e h e a t t r a n s f e r b e -
t w e e n t h e f u r n a c e a n d the s a m p l e w o u l d be s l o w e r .
S i n c e t h e d i f f e r e n c e s in t h e d e c o m p o s i t i o n t e m p e r a -
t u r e s a r e s m a l l ( ~ 3 K), a l e a s t - s q u a r e s r e g r e s s i o n
a n a l y s i s g i v i n g e q u a l w e i g h t t o a l l d a t a p o i n t s was
u s e d to o b t a i n E q . [6]. A t t e m p e r a t u r e s n e a r 1000 K ,
t h e c h r o m i u m s u l f a t e i s o n l y m a r g i n a l l y s t a b l e w i t h
r e s p e c t to c h r o m i u m o x i d e a n d g a s e o u s s u l f u r t r i -
o x i d e . T h i s i s e n c o u r a g i n g f o r t h e use of c h r o m i u m -
c o n t a i n i n g a l l o y s in e n v i r o n m e n t s r i c h in o x y g e n a n d
s u l f u r . T h e i n t e g r i t y of c h r o m i u m o x i d e c o n t a i n i n g
p r o t e c t i v e s c a l e s wi l l not be a f f e c t e d by t h e f o r m a -
t i o n o f c h r o m i u m s u l f a t e , I n c o a l - g a s i f i c a t i o n r e a c -
t o r s u s i n g S y n t h a n e , B a t t e l l e , B C R B i - G a s , o r IGT
i
Table I. Gas Composition, Decomposition Temperatures, and Standard Free Energy Changes for the Dissociation of Cr2 (S04)3 Obtained by Thermogravimetry
Composition of Inlet Gas
(Ar + SO2 + 02), Vol Pct Decomposition
Ar SO2 02 Temperature, K
Composition of Gasat Decomposition
Temperature, (Ar+ SO2 + SO3 + 02), VolPct AGO,,
At" SO2 S03 02 KJ
2.11 67.60 30.30 1040 2.40 49.99 26.54 21.00 34.41
22.23 62.70 15.07 1024 24.29 50.00 18.50 7.21 43.08
47.55 42.10 10.35 1006 50,44 32.50 12.16 4.90 52.86
71.4 22.90 5.70 980 73.70 17.20 6.46 2.65 66.96
83.28 9.88 6.84 961 84.93 6.10 3.98 4.99 77.25
85.93 4.95 9.12 944 87.00 2.47 2.54 7.97 86.46
89.90 4.10 6.01 935 90.78 2.15 1.99 5.08 91.35
93.78 3.43 2.79 923 94.45 2.03 1.425 2.10 97.86
96.42 2.05 1.53 904 96.82 1.23 0.825 1.125 108.15
98.16 136 0.478 882 98.37 0.94 0.426 0.267 120.09
*For the reaction Cr2(SO4)a (s) ~ Cr203 (s) + 3SOu(g).
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F i g . 2 - - F r e e e n e r g y of formation of chromium sulfa te a c -
cording to the reaction Cr203(s) + 3S03(g) ~ Cr2(S04)3 (s) in
kJ p e r mole; ®, resul ts from thermogravimetry; • r e s u l t s
from differential t h e r m a l analys is .
H y g a s p r o c e s s e s , the p a r t i a l p r e s s u r e of SOa r a n g e s
b e t w e e n 10-z2 a r m at 900 K to 10-~5 a t m at 1200 K.
C l e a r l y , the c h r o m i u m s u l f a t e p h a s e i s u n s t a b l e u n d e r
t h e s e c o n d i t i o n s .
T h e m e a s u r e d e n t r o p y of f o r m a t i o n of c h r o m i u m
d i d s u l f a t e ( g i v e n in E q . [4]) i s c o m p a r e d with the
l i t e r a t u r e v a l u e s f o r s i m i l a r s u l f a t e s c o n t a i n i n g t r i -
v a l e n t c a t i o n s in T a b l e II. T h e e x p e r i m e n t a l r e s u l t s
show that the t e m p e r a t u r e r a n g e o v e r w h i c h the f r e e
e n e r g i e s of f o r m a t i o n of the s u l f a t e c o u l d b e o b t a i n e d
by t h e s e m e t h o d s w a s r e s t r i c t e d to 160 K . T h e c o m -
p o s i t i o n of the g a s m i x t u r e s p r e p a r e d by m i x i n g
m e t e r e d s t r e a m s of c o m p o n e n t g a s e s c a n n o t b e a c -
c u r a t e l y c o n t r o l l e d when the c o n c e n t r a t i o n of one c o m -
p o n e n t i s l e s s than 0.5 vol pc t , thus r e s t r i c t i n g the
t e m p e r a t u r e r a n g e of th i s s t u d y . D e s p i t e th i s l i m i t a -
t i o n , T a b l e II s h o w s f a i r a g r e e m e n t b e t w e e n the
e n t r o p y v a l u e s of v a r i o u s s u l f a t e s . S i n c e the u n c e r -
t a i n t i e s in the e n t r o p i e s of f o r m a t i o n a r e at l e a s t ±15
J K - I mol-1 , the r e s u l t s s u g g e s t that the e n t r o p y
c h a n g e s f o r r e a c t i o n s i n v o l v i n g s i m i l a r c h e m i c a l
s p e c i e s h a v e a p p r o x i m a t e l y c o n s t a n t v a l u e s ( - 8 1 2
± 25 J K -~ m o l - 1 ) . In the a b s e n c e of r e l i a b l e c a l o r i -
m e t r i c d a t a , th i s a p p r o x i m a t e v a l u e m a y b e u s e d to
e s t i m a t e the t e m p e r a t u r e d e p e n d e n c e of the f r e e e n e r -
gies of f o r m a t i o n of u n i n v e s t i g a t e d s u l f a t e s c o n t a i n -
ing t r i v a l e n t i o n s . This v a l u e c a n be c r i t i c a l l y a s -
s e s s e d only when c a l o r i m e t r i c s t u d i e s a r e c o n d u c t e d
on the heat of f o r m a t i o n and low- and h i g h - t e m p e r a -
t u r e h e a t c a p a c i t i e s of s u l f a t e s c o n t a i n i n g t r i v a l e n t
i o n s .
Both t h e r m o g r a v i m e t r y a n d d i f f e r e n t i a l t h e r m a l
a n a l y s i s a r e e s s e n t i a l l y n o n i s o t h e r m a l t e c h n i q u e s that
give r e l a t i v e l y l i t t l e i n f o r m a t i o n c o n c e r n i n g the k i n e -
tics of the d e c o m p o s i t i o n . Addi t ional ly , the g e o m e t r y
of the s a m p l e and the c o n t a i n e r in the r e a c t i o n tube
a n d the gas flow p a t t e r n a r o u n d the s a m p l e a r e not
a m e n a b l e to r i g o r o u s k i n e t i c a n a l y s i s . H o w e v e r , a p -
p r o x i m a t e v a l u e s for the r a t e c o n s t a n t , k = 8 x 10"~
Kg M-2 s-~ at 1000 K, and a c t i v a t i o n e n e r g y ( A r r h e n -
ius) f o r t h e r m a l d i s s o c i a t i o n , E a = 200 ± 30 kJ , can be
o b t a i n e d f r o m the w e i g h t loss c d r v e s . T h e d e g r e e of
d e c o m p o s i t i o n w a s f o u n d to a p p r o x i m a t e a l i n e a r f u n c -
t ion of t i m e . This i m p l i e s that the d e c o m p o s i t i o n i s
not a u t o c a t a l y t i c .
A P P E N D I X
It c a n r e a d i l y be s h o w n f r o m the t h e r m o d y n a m i c
d a t a 4 that the p a r t i a l p r e s s u r e s of s u l f u r m o n o x i d e a n d
m o n o m e r i c and p o l y m e r i c s u l f u r s p e c i e s a r e n e g l i g i -
b ly s m a l l in the g a s m i x t u r e s a t the t e m p e r a t u r e s e m -
p l o y e d in th i s s t u d y . T h e r e f o r e , one n e e d s to c o n s i d e r
only E q . [1] to c a l c u l a t e the h i g h - t e m p e r a t u r e gas c o m -
p o s i t i o n . T h e c o r r e s p o n d i n g e q u i l i b r i u m c o n s t a n t i s
K exp(-~G~/RT)- 1/2 [AI]= - PSO2 P 02/PSO~
w h e r e AGO is the s t a n d a r d f r e e e n e r g y c h a n g e f o r r e -
a c t i o n [1 ], R i s the gas c o n s t a n t , T i s the a b s o l u t e t e m -
p e r a t u r e and the p a r t i a l p r e s s u r e s a r e t a k e n at e q u i -
l i b r i u m . C o n s i d e r a n i n i t i a l v o l u m e of gas c o n t a i n i n g
01 m o l e of s u l f u r d i o x i d e , no2 m o l e s of o x y g e n , and0n A r m o l e s of a r g o n at a t o t a l p r e s s u r e of 1 a t m . If a
m o l e s of SOa a r e f o r m e d to r e a c h e q u i l i b r i u m , t h e r e
• i)
r e m a i n (1 - a ) m o l e s of SO2 and (n,-, - a / 2 ) m o l e s ofv2
O2. T h e t o t a l n u m b e r of m o l e s of g a s b e c o m e s
o o J 2 ) and the e q u i l i b r i u m p r e s s u r e s(1 + n o 2 + n A r -
a r e :
P S O z = ( 1 - a ) / ( 1 + no0 2 + n A r ° - - o r ~ 2 ) [A2]
0 0
P S O 3 = or~(1 + nO2 + n A r - - a / 2 ) [A3]
- a / 2 ) / ( 1 + o o - o r / 2 ) . [ A 4 ]PO2 = (n%2 nO2 + n A r
E q u a t i o n [A1] then b e c o m e s
o + o - a / 2 ) w2 = (1 - a ) ( n ~ 2 - ~ / 2 ) 1/2Kc~ (1 + nO2 nAr
[A5]
by r e p l a c i n g the e q u i l i b r i u m p a r t i a l p r e s s u r e s by
Table II. Comparison of the Entropiesof Formation of Sulfates
Containing Trivalent Cations
Compoundt AS0,* JK"1mole"1
Fez(SO4)3 -776 (Ref. 5)
A12(SO,)3 -812 (Ref. 6)
In2(SO4)a -812 (Ref. 7)
Sc2 (SO4)3 -840 (Ref. 6)
Crz (SO4)3 -820 (This work)
*For the reaction X203(s) + 3SOz(g) + 3/20~(g) ~ X2(SO4)3(s).
tThese compounds have the samehexagonal (rhombohedral) lattice symmetry.
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t h e i r r e s p e c t i v e v a l u e s . S q u a r i n g t h e a b o v e e x p r e s -
s i o n g i v e s ,
o - o r / 2 ) - (1 ot)2(n02K2ot2(1 + n°O2 + n A r -- - o r / 2 ) = 0 ,
[A6]
With the a i d of a d i g i t a l c o m p u t e r , the v a l u e of o l i s
O
d e t e r m i n e d f o r i n p u t c o m p o s i t i o n ( g i v e n by r / A r a n d
n°o2) by u s i n g t h e N e w t o n m e t h o d o n the f u n c t i o n , y
= K2ot2(1 + n~)2 + n~r - o r / 2 ) - (1 -- ot)~(n°O" -- or/2), w i t h
a = 0.5 a s t h e s t a r t i n g p o i n t .
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